Current global warming is likely to result in a unipolar glaciated world with unpredictable 15 repercussions on atmospheric and oceanic circulation patterns. These changes are expected to 16 affect seasonal extremes and the year-to-year variability of seasonality. To better constrain the 17 mode and tempo of the anticipated changes, climatologists require ultra-high-resolution proxy 18 data of time intervals in the past, e.g. the Oligocene, during which boundary conditions were 19 similar to those predicted for the near future. In the present paper, we assess if such 20 information can be obtained from shells of the long-lived bivalve mollusk Glycymeris 21 planicostalis from the late Rupelian of the Mainz Basin, Germany. Our results indicate that 22 the studied shells are pristinely preserved and provide an excellent archive to reconstruct 23 changes of sea surface temperature on seasonal to inter-annual time scales. Shells of G. 24 planicostalis grew uninterruptedly during winter and summer and therefore recorded the full 25 seasonal temperature amplitude that prevailed in the Mainz Basin ~30 Ma ago. Absolute sea 26 surface temperature data were reconstructed from δ
the studied shells are pristinely preserved and provide an excellent archive to reconstruct 23 changes of sea surface temperature on seasonal to inter-annual time scales. Shells of G. 24 planicostalis grew uninterruptedly during winter and summer and therefore recorded the full 25 seasonal temperature amplitude that prevailed in the Mainz Basin ~30 Ma ago. Absolute sea 26 surface temperature data were reconstructed from δ 18 Oshell values assuming a δ 18 Owater 27 signature that was extrapolated from coeval sirenian tooth enamel. Reconstructed values range 28 between 12.3°C and 22.0°C and agree well with previous estimates based on planktonic 29 foraminifera and shark teeth. However, temperatures during seasonal extremes vary greatly on 30 inter-annual time scales. Mathematically re-sampled (i.e., corrected for uneven number of 31 samples per annual increment) winter and summer temperatures averaged over 40 annual 1 increments of three specimens equal 13.6 ± 0.8°C and 17.3 ± 1.2°C, respectively. Such high-2 resolution paleoclimate information can be highly relevant for numerical climate studies 3 aiming to predict possible future climates in a unipolar glaciated or, ultimately, polar ice-free 4 world. 5 6
Introduction 7
Current CO2-induced global warming is likely to result in a unipolar glaciated world 8 ultimately followed by one without polar ice caps (e.g. Raper and Braithwaite, 2006) . In light 9 of these predicted boundary conditions, climate is expected to change profoundly, particularly 10 at higher latitudes. According to numerical climate models, reduced meridional gradients will 11 lead to substantial changes in atmospheric and oceanic circulation patterns (e.g., Cai & Chu, To date, the mode and tempo of the environmental change anticipated for the near future have 19 remained poorly constrained (e.g., Vellinga and Wood, 2002; Hátún et al., 2005) . This applies 20 specifically to time scales of human perception, i.e., seasonal extremes and inter-annual 21 variability. A promising avenue toward a better understanding of future climates is to 22 investigate the short-term climate variability of time intervals in the past during which 23 boundary conditions were similar to those predicted for the coming millennia. The last time a 24 unipolar glaciated world occurred in Earth history was during the early Oligocene when 25 atmospheric CO2 levels were slightly higher than today (Zachos et al., 2008 ) and the 26 paleogeographic configuration on a global scale was at least broadly similar to the present-27 day situation (Lefebvre et al., 2013) . Thus, the Oligocene world can serve as a natural 28 laboratory for studying the possible effects of anthropogenic global warming. As yet, 29 however, the Oligocene has remained a relatively poorly studied epoch of Earth history, 30 which is at least partially attributed to the stratigraphic incompleteness of many Oligocene 31 successions. In particular, shallow-water sequences of Oligocene age are often compromised 1 by unconformities resulting from strong, glacially induced eustatic sea-level fluctuations (e.g., 2
Miller et al., 2005; Pälike et al., 2006). 3
The epicontinental sedimentary archives from the Oligocene of Central Europe, notably the 4 Rhenish triple junction system (e.g., Sissingh, 2003) , can play a prime role in elucidating the 5 short-term (i.e., seasonal to inter-annual) climate dynamics during that time. The significance 6 of Oligocene sediments from the Rhenish triple junction system was first stressed by Beyrich 7 (1854), whose work on strata from the Mainz and Kassel Basins ultimately led to the coinage 8 of the term "Oligocene". These shallow marine successions exhibit much higher 9 sedimentation rates and generally contain more macrofossils than their open marine 10 counterparts. Moreover, the shallow water depth and the low water-mass inertia as compared 11 to the open ocean make them particularly sensitive to short-term paleoclimatic and 12 paleoceanographic change. Furthermore, these strata contain well-preserved shells of long- Trueman,  17 1967; Thomas, 1978) . Their fossil history dates back to the Aptian (Gillet, 1924; Casey, 1961) 18 and despite some evolutionary innovations acquired during the early Cenozoic, their 19 fundamental bauplan has remained largely unvaried until today (Thomas, 1975) . 20 Bivalve shells serve as reliable recorders of ambient environmental conditions (e.g., 21 Wanamaker et al., 2011). The production of shell material occurs on a periodic basis resulting 22 in the formation of distinct growth lines that separate the growth pattern into time slices of 23 equal duration, so-called growth increments. These growth patterns serve as a calendar which 24 can be used to place each shell portion and each geochemical data point in a precise temporal 25 context. Some bivalve species live for decades to several centuries and can therefore provide 26 uninterrupted records of seasonality such as the genera Glycymeris (Ramsay et al., 2000; 27 Brocas et al., 2013), Arctica (e.g. Ropes, 1985; Butler et al., 2013) and Panopea (e.g., Strom 28 et al., 2004; Black et al., 2008) . 29
In the present study, we have analyzed the ontogenetically young shell portions of three G. representatives of this genus consisted of aragonite, which is prone to change to calcite during 30 diagenesis. Raman spectroscopy can yield detailed and spatially highly resolved information 31 on the type of polymorphs of CaCO3. Likewise, the Feigl test can distinguish between 1 aragonite and calcite (Feigl, 1958) . Feigl solution stains aragonite black and calcite pale grey. 2
After diagenesis screening, the shell slabs were ground and polished again, and prepared for 3 sclerochronological studies and subsequent scanning electron microscopic (SEM) analyses. 4
For this purpose, polished cross-sections were immersed in Mutvei's solution for 40 min 5 under constant stirring at 37-40°C (Schöne et al., 2005a) . After the staining process, the 6 samples were gently rinsed in deionized water, air-dried and then photographed with a digital 7 camera (Canon EOS 600D) mounted to a binocular microscope (Wild Heerbrugg M8). 8
Growth increments were counted and their width measured with the image processing 9 software Panopea (© Peinl & Schöne). Subsequently, samples were sputter-coated with a 2 10 nm thick gold layer and viewed under a scanning electron microscope (LOT Quantum Design 11 Phenom Pro, 2 nd generation) in order to describe the prevailing microstructures and identify 12 possible neomorphic minerals that may have formed during diagenesis (Fig. 2) . 13
The other polished slab of each specimen was used for the analysis of oxygen isotope values 14 (δ 18 Oshell). Prior to the analysis, the outer ca. 0.5 to 1 mm thick chalky rim of the shell surfaces 15 was physically removed ( Fig. 2A-C 
Mathematical re-sampling of intra-annual isotope data 1
In bivalves, shell growth rate declines during ontogeny resulting in increasingly narrow 2 annual growth increments with increasing lifespan (Jones and Quitmyer, 1996) . Since the 3 isotope samples were taken at approximately equidistant intervals (100 to 200 µm), the 4 number of samples per year decreases through lifetime and the time represented by each 5 carbonate sample (= time-averaging) increases in ontogenetically older shell portions. To 6 compensate for that bias and make the isotope samples from different ontogenetic years 7 comparable to each other, the number of δ 18 Oshell values per year was mathematically 8 equalized by a re-sampling technique similar to that described in Schöne et al. (2004) 
Preservation of material 21
According to a set of different diagenesis screening tests outlined above, the studied shells of 22
Glycymeris planicostalis from the Rupelian of the Mainz Basin consist of aragonite and were 23 remarkably well preserved. This even applies to the chalky rims of the shells, i.e., the shell 24 portions that were only pale blue stained by Mutvei's solution and lost almost all organics 25 during taphonomy. Orange cathodoluminescence was only emitted from very few isolated 26 spots, i.e., cracks containing neomorphic mineral phases. Most other portions of the shells 27
were dark blue to non-luminescent. Moreover, both reflected light microscope and electron 28 microscope analyses revealed the same shell microstructures that occur in modern 29 representatives of this genus, i.e., crossed-lamellar structures ( Fig.2D-F Like the bivalves, the studied sirenian teeth are well preserved (Fig. 3) . The δ 18 OCO3 vs. 5 δ 18 OPO4 pairs of the seven specimens plot well within the 95% prediction intervals of modern 6 and other well-preserved fossil mammal enamel data compiled by Pellegrini et al. (2011) 7 (Table 1; Fig. 3 ). Digenetic alteration of tooth enamel would in the first place have affected 8 the carbonate-bound oxygen (Iacumin et al., 1996) and resulted in δ 18 OCO3 vs. δ 18 OPO4 pairs 9 plotting farther away from the regression line depicted in Pellegrini et al. (2011) . Given the 10 excellent preservation, δ 18 Owater values were computed from δ 18 OPO4 values of the enamel 11 using equation 2. On average, the δ 18 Owater value of the ambient seawater was -0.9 ± 0.3‰ 12 (1σ). 13 Oxygen isotope curves of all three specimens exhibit distinct seasonal oscillations (16, 14 and 24 10 cycles in specimens MB-Wht-2, -4, and -7, respectively) with the annual growth lines 25 occurring shortly after the most negative δ 18 Oshell values of each cycle ( Fig. 4 ; see 26 Supplements). In other words, the full seasonal amplitudes are preserved in the shells 27 including winter and summer values. The annual growth line formation occurred in late 28 summer/early fall. 29 
12
The shells grew faster during the first half of the year than after summer. This is well reflected 1 in the seasonal temperature curve based on the averaged δ 18 Oshell´ values of all 40 measured 2 annual increments (Fig. 5 ). There are more data points in shell portions formed during spring 3 than in shell portions formed during fall (Fig. 5) . Accordingly, the reconstructed temperature 4 curve is right-skewed. 5
The average annual δ 18 Oshell values and seasonal δ 18 Oshell ranges are fairly similar among the 6 three studied specimens (Table 2) . Seasonal extremes fluctuate between -1.48‰ (summer 7 value) and 0.75‰ (winter value) in specimen MB-Wht-2, between -1.16‰ and 0.67‰ in 8 specimen MB-Wht-4, and between -1.19‰ and 0.60‰ in specimen MB-Wht-7. Using the 9 reconstructed δ 18 Owater value, this translates into total temperature (Tδ18O) ranges of 9.7°C, 10 7.6°C and 7.8°C in specimens MB-Wht-2, MB-Wht-4 and MB-Wht-7, respectively. Taking  11 the resampled values of the 40 seasonal cycles of all three specimens, the average annual 12 temperature is 15.4 ± 0.7°C (1σ), and the seasonal temperature range equals 3.7°C with 13 average minimum (winter) values of 13.6 ± 0.8°C (1σ) and average maximum (summer) 14 values of 17.3 ± 1.2°C (1σ). Noteworthy, the seasonal amplitudes vary through time. In some 15 years, the seasonal Tδ18O range was less than 2°C (Fig. 4) . 16 
17

Discussion 18
As demonstrated by this study, shells of Glycymeris planicostalis provide an excellent archive 19 to reconstruct climate dynamics -in particular changes of sea surface temperature -during 20 the Oligocene on subseasonal to inter-annual time-scales. Shells of the studied species grew 21 during both the coldest and warmest periods of the year and therefore contain information on 22 the full seasonal temperature amplitude over a coherent time interval of several years that 23 prevailed in the Mainz Basin ~30 Ma ago. Furthermore, the shells are pristinely preserved and 24 their δ 18 Oshell values can potentially reflect changes of ambient water temperature. 25 
Preservation 27
According to diagenetic screening the studied G. planicostalis shells are well preserved. The 28 shells consist of pristine aragonite. Furthermore, SEM analysis revealed original delicate shell 29 13 microstructures including the typical skeletal feature of glycymerids, i.e., microtubuli. These 1 cylindrical cavities perforate the inner and outer shell layers and are filled with organics 2 during the lifetime of the animal (e.g., Waller, 1980; Crippa, 2013) . The diagenetic loss of 3 organic material leaves behind hollow cavities that potentially can be filled with neomorphic 4 mineral phases. However, the microtubuli of the studied specimens were typically hollow and 5 only rarely contained pyrite. Pyrite crystals can even occur in shells of living bivalves and are 6 possibly related to the bacterial degradation of organic matter (Clark and Lutz, 1980). 7
In fact, the recovery of pristinely preserved fossil glycymerids has been reported from many 8 other localities and geological time intervals (e.g., Tsuboi and Hirata, 1935; Crippa, 2013) . 9
Since Glycymeris spp. dwell in sandy to fine gravelly habitats, shells of this genus are usually 10 embedded in coarse grained and highly porous sediments. In such type of host rock and 11 stratigraphic age, one would not expect aragonitic shell preservation, particularly if the burial 12 depth is shallow (few tens of meters) and the sediment is still unconsolidated as this is the 13 case with the weakly cemented sandstones of the Alzey Formation. Under surface conditions, 14 aragonite is metastable and slowly turns into the more stable polymorph of CaCO3, i.e., At least the annual growth lines in the studied specimens from the Oligocene are unrelated to 27 seasonal temperature extremes because the lines do not fall together with the most negative 28 and positive oxygen isotope-derived water temperatures (Fig. 4) . 29 Shell growth rates of the studied bivalves from the early Oligocene of the Mainz Basin also 30 varied during the main growing season. For example, shell production was faster during 31 spring and summer than during fall and winter. This finding has implications for geochemical 32 sampling strategies. In order to obtain reliable information on the actual seasonal temperature 1 spread, a higher sampling resolution has to be applied in slow-growing shell portions. reconstructed from bivalve shells in the present study (12.3°C and 22.0°C), although the 25 lowest temperatures are ~5°C higher than those obtained from shark teeth (Fig. 6) . Leaving 26 aside the fact that it is rather unlikely that the studied bivalves, sharks and foraminifera lived 27 during the exact same time interval, a direct comparison of temperature extremes derived 28 from the different marine archives seems problematic for a variety of reasons: 29 (i) The temporal resolution provided by foraminifera is much higher than that of bivalves. oxygen isotope values of the bivalve shells than from skeletal hard parts of nektonic and 1 planktonic organisms. Evidently, absolute temperature estimates from δ 18 O values require 2 knowledge of the oxygen isotope composition of the ambient water, which is rarely available 3 for fossil environments. In the present study, the δ 18 Owater value was reconstructed from the 4 tooth enamel of sea cows from the same stratigraphic level. Although the bivalves and the sea 5 cows did most certainly not live during the exact same time and the sphere of action of the sea 6 cows was the upper ten meters of the ocean, the average δ 18 OPO4 value of the sirenian teeth 7 serves as a reasonable estimate of the Rupelian δ 18 Owater value (-0.9‰) of the Mainz Basin. A 8 similar value (-1‰) was also assumed by Grimm (1994) . For comparison, the δ 18 Owater of the 9 open ocean was -0.5‰ at that time (Lear et al., 2000) . To test the temperature estimates 10 obtained from δ 18 Oshell values and circumvent uncertainties related to the precise δ 18 temperature data based on δ 18 Oshell values of the three studied bivalve shells (filled black 4 circle) and previously published temperature data based on planktonic foraminifera (Grimm, 5 1994 ), shark teeth (Tütken, 2003) 
